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Abstract: This study aimed to assess the effect of cadmium (Cd2+) concentrations on biovolume, pigments, malondialdehyde (MDA),
hydrogen peroxide, proline, total phenolic compounds, total protein, and total carbohydrate contents of Cladophora glomerata.
Cultivations of the alga (8.0 ± 0.1 g as fresh weight) were exposed to 7.5, 15, 30, and 60 mg/L of Cd2+ ions in 500 mL flasks containing
400 mL of the medium on a shaker at 120 rpm for 7 days. Results of Fourier transform infrared analyses indicated that the amide,
anionic, and amino groups had significant rolesin the binding of Cd2+ on C. glomerata. The detrimental effects of the Cd2+ dose not only
observed the morphology of the algal cell but also changed the biochemical compounds of C. glomerata. Growth gradually decreased
when the alga was exposed to Cd2+ at 15 and 60 mg/L in comparison with the control. High Cd2+ ions concentrations decreased in
chlorophyll-a (from 14.27 mg/g in control to 9.97 mg/g at 60 mg/L Cd) and protein content (from 43.60 mg/g in control to 21.66 mg/g
at 60 mg/L Cd) in the treated cells compared to the control group, whereas they increased stress molecules (e.g., MDA and proline) as
biomarkers in the response mechanisms of algae to Cd2+ exposure. Results indicated that this alga had wide tolerance to high cadmium
concentrations, and the stress compounds in the alga with exposure of Cd2+ seemed to be parameters as a biomarker for metal-induced
oxidative stress.
Keywords: Biochemical response, cadmium, Cladophora glomerata, pigmentation

1. Introduction
Cadmium (Cd2+) is a toxic metal that influences the
physiological activity and growth of biota even at low
concentrations. Except for Thalassiosira weissflogii, Cd2+
is an unessential metal for biota (Lane et al., 2005). The
amount of Cd2+ in surface waters has been markedly
growing with the increase in disposal caused by iron
and steel production, melting, manufacturing, electronic
(nickel-cadmium batteries) industries, and agricultural
activities with phosphate fertilizers (Hayat et al., 2019; Li et
al., 2019). Disposal of such huge wastewaters into surface
waters (e.g., rivers and lakes) cause major environmental
problems for freshwater resources and biota (Wang and
Chen, 2009; Zeraatkar et al., 2016). According to the
United States Environmental Protection Agency, Cd2+ is
considered one of the most hazardous contaminant threats
to biota and the environment. Cd2+can be easily taken
and accumulated by primary producers and transferred
to higher trophic levels through the food web (Wang and
Chen, 2009; Templeton and Liu, 2010; Andosch et al., 2012).
It is known that Cd2+, a mutagenic and carcinogenic metal,
affects calcium metabolism in biological systems (Sarwar

et al., 2017). Besides, Cd2+ binds to organic molecules,
and this may cause a wide range of adverse effects on
living biota such as cancer, allergies, skin irritation, cell
membrane damage, and a change of transporter systems
and denaturation of proteins and enzymes (Andosch et al.,
2012; Sarwar et al., 2017).
Cd2+exposure promotes the formation of reactive
oxygen species in organisms (Pinto et al., 2003), leading
to morphological changes in the nucleus (Souza et al.,
2011), lipid peroxidation (Pinto et al., 2003; Çelekli et al.,
2016), morphological changes in the structure of cells,
changes in the electron transport system, and cell death
(Verbruggen et al., 2009; Andosch et al., 2012). Organisms
under this type of stress demonstrate a few responses via
metal detoxification and antioxidant defenses (Branco et
al., 2010; Gomes and Asaeda, 2013). Some biomolecules,
like ascorbic acid, phenolics, carotenoids, and glutathione,
are produced to get rid of these reactive molecules (Branco
et al., 2010; Gomes and Asaeda, 2013). Extracellular and/
or intracellular metal exclusion through formation with
diverse ligands, storage into vacuoles, and the pumping
out of metal make up thevarious metal detoxification
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mechanisms (Branco et al., 2010; Gomes and Asaeda,
2013).
Algae as important primary producers (they transform
solar energy, inorganic elements, and carbon dioxide
into valuable biomass) that support other aquatic trophic
levels play a major role in the biogeochemical cycles of
the biosphere (Bellinger and Sigee, 2010; Yvon-Durocher
et al., 2015) and also play a role in scavenging minerals
and molecules from the environment (Li et al., 2019b).
The survival of algae in surface waters contaminated with
hazardous materials may also depend on their ability to
generate signal molecules. Therefore, it is important to
search for signal molecules mediating stress tolerance in
order to gain a better understanding of how algae respond
to hazardous chemicals. The effects of heavy metals
on Cladophora glomerata have been studied in aquatic
ecosystems such as the littoral region of Lake Ashtamudi
in India (Murugan and Harish, 2007), the coastal waters
of Alexandria City in Egypt (Ismail and Ismail, 2017),
freshwater bodies in south-east Anatolia (Çelekli et al.,
2017), and in the Farahabad region of the Caspian Sea in
Iran (Ebadi and Hisoriev, 2017). However, the biochemical
response of Cladophora glomerata exposure to Cd2+ stress
at a lab-scale does not exist in the literature. The present
study aimed to assess the effects of Cd2+ ions on the
morphological and biochemical responses of C. glomerata
in terms of biovolume, pigmentation, malondialdehyde,
hydrogen peroxide, proline, and phenolic compounds. In
addition, the algal surface structures under the exposure
of Cd2+ ions were determined using a Fourier transform
infrared spectrometer.
2. Materials and methods
2.1. Macroalga sampling and cultivation
Cladophora glomerata, a green macroalga used in the
present study, was obtained from a freshwater creek in
Malatya Province (Turkey). The collected filamentous
algae was put into 5-L polyethylene bottles at 4 °C and
transferred to the laboratory. In the laboratory, the
filamentous alga was gently washed with tap water. It was
then identified using a microscope (Olympus BX53 Cell
Sens, Version 1.6, Olympus Corporation, Tokyo, Japan)
and taxonomic books (Prescott, 1982; John, 2002). The
morphological properties of C. glomerata such as cell
dimension and chloroplast type with pyrenoids were
examined under the microscope.
The water sample taken was passed through Sartorius
filtration systems (to 0.80- and 0.45-µm acetate filters)
for removal of undesirable compounds and, after this, it
was autoclaved. This water was used as a medium for the
cultivation of the filamentous alga. Stock Cd2+ solution (1
g/L) was prepared using a Cd2+solution (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) in distilled water,

which passed through a 0.2-µm membrane filtrate used
to prepare different Cd2+ concentrations (15, 30, 45, and
60 mg/L). Filaments of C. glomerata were washed 4 times
with distilled water. The fresh weight of the algal biomass
(8.0 ± 0.1 g) was inoculated in 500-mL flasks containing
400 mL in the sterilized water. Flasks at 120 rpm were
stirred using an orbital shaker for 7 days and at 25 oC with
an irradiance of about 150 µmol/m2/s. Experiments were
performed in duplicates.
2.2. Environmental variables
An oxygen-temperature meter (YSI Professional Plus
model, YSI Incorporated, Yellow Springs, Ohio, USA)
was used to measure the values of water temperature,
conductivity, dissolved oxygen concentration, salinity,
total dissolved solid (TDS), pH, and the ORP-oxidationreduction potential of media before and after the
experiments in situ.
2.3. Biovolume measurement
Randomly chosen cells of C. glomerata (at least 25 cells)
were measured using a light microscope (Olympus
BX53 model, Olympus CellSens, Version 1.6, Olympus
Corporation, Tokyo, Japan) with a DP73 camera
attachment to determine cell volumes.The mean cell
volume was determined using the following equation: V =
π × r2 × h, where V, r, and hare the volume, the radius, and
the length of the cell, respectively.
2.4. Analyses of biochemical compounds
Algal pigment (total carotenoids, chlorophyll a, and
b) composition was measured using 80% acetone with
a spectrophotometric (UV/VIS Jenway 6305, Jenway
Ltd., Staffordeshire, UK) method (Wellburn, 1994) at
470, 663, and 646 nm, respectively. Malondialdehyde
(MDA) content as an indication of lipid peroxidation
was determined following Zhou’s method (2001), using
a spectrophotometer at 532 nm. A standard curve of
MDA (Merck Schuchardt OHG, Hohenbrunn, Germany)
was used to quantify MDA content. Analysis of the
proline level in the macroalga was achieved according
to the method used in Bates et al. (1973). Proline was
spectrophotometrically quantified using a standard curve
of L-proline (Merck KGaA, Darmstadt, Germany) at 520
nm. The Folin–Ciocalteu method (Lowry et al., 1951)
was used to determine the protein content. The protein
was quantified using a spectrophotometer at 750 nm and
quantified using a standard of bovine serum albumin
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany).
The Folin–Ciocalteu method (Ratkevicius et al., 2003) was
used to specify total phenolic compounds. The absorbance
of phenolic compounds was then determined using a
spectrophotometer at 765 nm and expressed using a
calibration curve of Gallic acid (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany). Standard methodswere
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applied to determine total carbohydrate (Dubois et al.,
1956) and starch (McCready et al., 1950). A standard
curve was prepared with known amounts of glucose. The
Thiol (-SH) group level in C. glomerata was determined
following a method proposed by Ellman (1959). Hydrogen
peroxide content was estimated according to a standard
method presented by Sergiev et al. (1997). The absorbance
was spectrophotometrically measured at 390 nm. H2O2
solution (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) was used as a standard and expressed as µmol
H2O2/g fw algal mass.
2.5. Cadmium content and residual analyses
The macroalgal powder was suspended in 14 N HNO3,
mineralized, and heated to determine the Cd2+ content. The
metal content of the alga and residual Cd2+ concentration
in the aqueous medium was measured using a flame
atomic absorption spectrophotometer (Perkin-Elmer AA
400, PerkinElmer Corporation, Waltham, MA USA) at
228.7 nm.
2.6. FTIR–ATR analysis
Changes in the surface structure of C. glomerata biomass
treated and untreated Cd2+ ions were evaluated using
a Fourier transform infrared equipped with attenuated

total reflection spectrometer (Perkin-Elmer Spectrum
100 FTIR–ATR, PerkinElmer Corporation, Waltham, MA
USA).
2.7. Statistical analyses
Analysis of Variance and Duncan’s multiple range test
(SPSS version 15.0, SPSS Inc., Chicago, IL, USA) were
used to compare experimental mean data between/among
groups.
3. Results and discussion
The environmental parameters of media before and after
algal inoculation are summarized in Table 1. Electrical
conductivity (EC) values of media varied from 531 µS/
cm to 607 µS/cm for the control to 60 mg/L for the Cd2+
group, respectively (Table 1). However, there was no
significant difference in EC values among the control, 7.5,
15, and 30 mg/L Cd2+ groups (P > 0.05). After cultivation,
several changes were observed in the physicochemical
variables of media (Table 1). The values of salinity, TDS,
and EC, except for the 30 and 60 mg/L Cd2+ groups, were
significantly decreased by Cladophora glomerata after
cultivation. In particular, the first 3 groups significantly
increased the EC, TDS, and salinity levels of the media due

Table 1. Environmental variables (mean ± standard deviation) of medium before and after the cultivation of Cladophora glomerata.
TDS: total dissolved solid; DO: dissolved oxygen;ORP: oxidation-reduction potential.

After

Before

Cd2+ (mg L–1)
Environment

Unit

Control

7.5

Temperature

o

C

23.3 ± 0.6a,A

23.1 ± 0.1a,A

23.3 ± 0.2a,A

Conductivity

µS/cm

531 ± 7

540 ± 2

555 ± 3

TDS

mg/L

0.357 ± 0.015a,A

0.365 ± 0.004a,A

0.368 ± 0.006a,A

0.385 ± 0.004ab,A

0.410 ± 0.008b,A

Salinity

ppt

0.26 ± 0.02

0.27 ± 0.01

0.28 ± 0.01

0.28 ± 0.01

0.30 ± 0.02b,A

DO

%

63.8 ± 4.5a,A

77.6 ± 0.8b,A

81.3 ± 0.8b,A

78.1 ± 0.1b,A

78.1 ± 0.2b,A

DO

mg L

5.40 ± 0.38

6.62 ± 0.01

6.88 ± 0.04

b,A

6.62 ± 0.02

6.69 ± 0.10b,A

a,A

a,A

a,A

–1

pH

15

a,A

30
23.4 ± 0.2a,A
572 ± 2

a,A

ab,A

b,A

60

ab,A

b,A

23.2 ± 0.2a,A
607 ± 4b,A

ab,A

ab,A

7.06 ± 0.50a,A

7.44 ± 0.01a,A

7.53 ± 0.02a,A

7.42 ± 0.03a,A

7.26 ± 0.01a,A

ORP

mV

–113.4 ± 8.0

–110.8 ± 1.1

–117.9 ± 0.1

–121.5 ± 0.7

–125.8 ± 0.4c,A

Temperature

o

C

25.1 ± 1.1a,A

25.5 ± 0.1a,B

25.1 ± 0.3a,B

25.0 ± 0.1a,B

25.1 ± 0.1a,B

Conductivity

µS/cm

404 ± 17

305 ± 5

397 ± 116

564 ± 94

746 ± 115c,A

TDS

mg/L

0.244 ± 0.010ab,B

0.199 ± 0.002a,B

0.258 ± 0.077ab,A

0.367 ± 0.062bc,A

0.484 ± 0.074c,A

Salinity

ppt

0.18 ± 0.01

0.15 ± 0.01

0.19 ± 0.06

0.28 ± 0.05

0.36 ± 0.06c,A

DO

%

88.9 ± 3.8b,B

87.4 ± 8.4b,A

83.0 ± 7.1b,A

81.3 ± 3.9b,A

61.0 ± 8.5a,A

DO

mg L–1

7.35 ± 0.31b,B

7.34 ± 0.45b,A

6.77 ± 0.47b,A

6.68 ± 0.32b,A

5.00 ± 0.71a,A

7.59 ± 0.32

8.77 ± 0.26

9.24 ± 0.08

9.02 ± 0.11

8.73 ± 0.24b,B

–164.2 ± 7.0c,B

–154.6 ± 3.1b,B

–143.8 ± 2.9a,B

–141.8 ± 0.1a,B

–145.6 ± 0.2ab,B

pH
ORP

ab,A

ab,B

ab,B

a,A

mV

a,A

a,B

abc,A

ab,A

a,B

b,B

ab,A

b,B

bc,A

bc,A

bc,A

b,B

Different capital letters A, B, and C indicate a statistical difference between before and after the cultivation at α = 0.05 level.
Different lower-case letters a, b, and c indicate a statistical difference amongCd2+ concentrations at α = 0.05 level.
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to the enhancement of their growth. On the other hand,
no significant difference was found in these parameters in
the 30 and 60 mg/L groups. This could be due to the metal
toxicity of high Cd2+ concentrations on the growth of C.
glomerata. Besides, the increment of algal growth, with
the exception of 60 mg/L Cd2+, significantly increased the
dissolved oxygen of media. Similar behavior was reported
for Spirogyra setiformis exposed toCd2+ stress (Çelekli et
al., 2016).
The filamentous alga had large cylindrical cells
forming long, regular growths. The cell dimensions were
74.18 ± 0.87 µm in width and 249.27 ± 8.63 µm in length
before the experiments. Cells contain many parietal round
chloroplasts with pyrenoids, which usually form into
a net-like structure and are always multinucleate. The
morphological diagnostic properties of filamentous species
are related to Cladophora glomerata (Linnaeus) Kützing
(1843), according to the organization and dimensions of
the cells (John, 2002).
Changes in cell morphology of C. glomerata in the
control without the Cd2+, with 7.5 mg/L, 15 mg/L, 30
mg/L, and 60 mg/L Cd stress are given in Figures 1a–1e,
respectively. The visual changes in terms of dimensions
and shape of cells and the structure and color of chloroplast
were not found in C. glomerata cells in the control group
after incubation (Figure 1a). The width of cells decreased
from 75.90 ± 2.68 μm in the control group to 63.85 ±
1.47 µm in the 60 mg/L Cd2+ containing group (Table 2).
Consequently, the amount of C. glomerata’s biovolume at
60 mg/L Cd2+ significantly decreased approximately twice
compared to the control group. This decrement in the algal
biovolumes was also found in Spirogyra setiformis cells
under Cd2+ stress (Çelekli et al., 2016). The morphological
response of algal species exposed to ecological stressors
can be important to assess the dynamic of surface waters
(Reynolds et al., 2002; Çelekli et al., 2017). Furthermore,
the shape of chloroplast and the color of pigments were
deformed, especially at high Cd2+ concentrations (Figures
1c–1e). The structure of the chloroplast of Micrasterias
was probably severely damaged because ofCd2+ exposure
(Andosch et al., 2012). Regularly coiled spiral chloroplasts
of S. setiformis were deformed at high cadmium
concentrations (Çelekli et al., 2016), and the structure of
the chloroplast of Chlamydomonas reinhardtii was broken
down under the exposure of copper oxide (Perreault et al.,
2012).
The biovolume of the algal cells gradually decreased
when the Cd2+ concentration increased from 7.5 to 60
mg/L (Table 2). Cd2+ of 7.5 mg/L could not significantly
affect the cell volume level but was significantly reduced
at higher metal exposure levels (P > 0.05), according to
Duncan’s test. The highest cellvolume was measured in
the control group (P < 0.05), but the difference found

among high Cd2+ containing groups was not substantial.
Previous studies also showed that Cd2+ can affect the cell
biovolumes of the species (Peña-Castro et al., 2004; Paquet
et al., 2015).
Cladophora glomerata produced the largest biomass
values at 8.4 ± 0.1 g in the control group without Cd2+
ions, whereas it gradually decreased to 7.7 ± 0.1 g at 60
mg/L Cd2+. The detrimental effects of heavy metals have
been observed on the growth of Scenedesmus quadricauda
(Çelekli et al., 2013; Štork et al., 2013), Chladophora (Cao
et al., 2015), and Ulva lactuca(Saleh, 2015).
The effects of Cd2+ ions on the pigment content of
C. glomerataare given in Figure 2. When the initial Cd2+
concentration increased from the control to 60 mg/L
Cd2+,chlorophyll-a content significantly decreased (P
<0.05) from 14.27 mg/g to 9.97 mg/g. A similar tendency
was found in the variation of chlorophyll-b and total
carotenoids exhibited by the filamentous alga under
Cd2+stress (Figure 2). High metal concentrations decreased
in the chlorophyll content compared to the control group.
This could be related to the fact that the cell wall at low
concentrations can provide some protection against metal
ions (Macfie and Welbourn, 2000). On the other hand,
the cell walls at higher Cd2+ concentration are not able to
bind well enough to the metal ions on the surface and,
thus, some ions can enter the cell and cause damage to the
chloroplast and pigments.
Exposure of heavy metals induced the chlorosis of
various algae. This phenomenon was also reported for
Ulva lactuca exposed to Scenedesmus obliquus under
carbamazepine stress (Zhang et al., 2012), Chlorella
vulgaris with Cr exposure (Rai et al., 2013), Scenedesmus
quadricauda exposed to Cu (Kováčik et al., 2010), Chlorella
pyrenoidosa with perfluorooctanoic acid exposure (Xu et
al., 2013), S. obliquus exposed to Cu (Chen et al., 2012),
and Ulva australis and Pyropia yezoensis under hypo- and
hypersalinity (Samanta et al., 2019). As a result, chlorosis
phenomena could be used as a biomarker for metal stress.
Küpper et al. (2003)reported that Cd2+ could damage the
biosynthesis of chlorophyll in algae due to the combination
of the substitution of Mg2+ ions with the tetrapyrole ring
of chlorophyll. Moreover, chlorophyll reduction was also
found for Chlorella vulgaris under chromate exposure (Rai
et al., 2013). Cd2+ ions showed an inhibitory effect on the
production of pigments in C. glomerata. Biosynthesis of
pigments in this filamentous macroalga could be limited
by the toxicity of Cd2+. Previously, detrimental effects were
also observed for the carotenoids content of Ulva prolifera
and Ulva linza under Cd2+ exposure (Jiang et al., 2013) and
S. incrassatulus (Perales-Vela et al., 2007) and S. obliquus
(Li et al., 2005) under toxicity of Cu2+. The biochemical
responses of C. glomerata exposure to Cd2+ concentrations
are given in Table 3. The amounts of MDA, H2O2, proline,
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Figure 1. Morphology of Cladophora glomerata at (a) the control;(b) 7.5 mg/L; (c) 15 mg/L; (d) 30 mg/L;and (e) 60 mg/L Cd2+.

total phenolic compounds, total protein, and total
carbohydrate by C. glomerata significantly enhanced with
increasing Cd2+ ion values, whereastotal protein values
significantly decreased (P < 0.05). The highest MDA
value (14.16 µg/g) was measured at 60 mg/L Cd2+ ions.
Increasing the MDA content of algae due to exposure
of heavy metal has been previously proven by many
researchers (Piotrowska-Niczyporuk et al., 2012; Rai et al.,
2013; Çelekli et al., 2016). In addition, salinity gradients
increased MDA content in Polygonum equisetiforme
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(Boughalleb et al., 2020) and Zea mays (Rıffat and Ahmad,
2020). The consequent formation of MDA is a breakdown
product of membrane lipid peroxidation when insufficient
detoxification of ROS by biota occurs (Pinto et al., 2003).
Duncan’s test revealed that significant differences
in the H2O2, proline and phenolic compounds among
the groups were observed (P < 0.05). Previous studies
confirmed that metal stress enhanced the proline levels
in algal assemblages in Scenedesmus sp. (Tripathi et al.,
2006), Spirulina platensis (Choudhary et al., 2007), and
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Table 2. Effect of Cd2+ concentrations on the morphological
properties of Cladophora glomerata.
Cd2+(mgL)

Width (µm)

Length (µm)

Biovolume
x 10-3 (mm3)

0

75.90 ± 2.68b

251.51 ± 16.11b

1.11 ± 0.15b

7.5

75.15 ± 2.75b

235.75 ± 14.69ab 1.05 ± 0.14b

15

69.01 ± 2.68

250.33 ± 15.03b

0.94 ± 0.13ab

30

65.70 ± 1.69a

205.51 ± 17.81a

0.70 ± 0.01a

60

63.85 ± 1.47a

215.35 ± 16.11ab 0.69 ± 0.08a

ab

Different lower-case letters a, b, and c indicate a statistical
difference between the concentrations at α= 0.05 level among
Cd2+ groups.

S. quadricauda (Kováčik et al., 2010). The results of our
research and previous studies (Choudhary et al., 2007;
Murugan and Harish, 2007; Ismail and Ismail, 2017) seem
to reinforce the importance of signal molecules like MDA
and proline in the response mechanisms of algae to Cd2+
exposure. From this vantage point, proline and MDA could
be used as a biomarker for the detection of free amino
acids and membrane lipid peroxidation, respectively.
Biomarkers could also be used as an indicator tool to
monitor ecological quality conditions and organism health
(Çelekli et al., 2017).

Cladophora glomerata with exposure of Cd2+ ions
showed a decreasing trend in the protein content (from
43.60 mg/g in the control to 21.66 mg/g at 60 mg/L Cd2+)
with increasing metal concentrations (Table 3). There
was no significant difference in protein values between
the control and 7.5 mg/L Cd2+ ions. This could be due
to the binding of Cd2+ ions on the cell wall at low metal
concentration, which then prevented the damage of
its organic molecules (Salama et al., 2019). A possible
adverse effect was observed in the protein content of S.
setiformis exposure to Cd2+ levels (Çelekli et al., 2016) and
Chlorella vulgaris under chrome stress (Rai et al., 2013).
The result of our study indicated that membrane lipid
peroxidation by measuring MDA was the highest at 60
mg/L. The cell wall damage at higher concentrations was
not able to bind Cd2+ ions. Thus, increasing the entry of
metal into the cell caused damage to protein (Salama et al.,
2019). Extracellular and/or intracellular metal exclusion
processes through formation with diverse ligands, storage
into vacuoles, and metal pumping out are several metal
detoxification mechanisms (Branco et al., 2010; Gomes
and Asaeda, 2013). Besides, organisms under stress
demonstrate a few responses via metal detoxification
and antioxidant defenses (enzymatic and nonenzymatic)
(Branco et al., 2010; Gomes and Asaeda, 2013). These and
other mechanisms closely affect algal tolerances to the
gradient of metal ions.

Figure 2. Effect of Cd2+ concentrations on chlorophyll-a (Chlo-a), chlorophyll-b
(Chlo-b), and total carotenoids (T. caroten) contents of Cladophora glomerata. Different
lower-case letters show statistical differences among groups at α = 0.05 level; fw: fresh
weight.
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After harvesting biomass of C. glomerata, remaining
Cd2+ values in the media were found as 0.64, 0.77, 0.98,
and 1.21 mg/L in the 15, 30, 45, and 60 mg/L Cd2+ groups,
respectively. Results indicated that C. glomerata had wide
tolerance to the gradient of Cd2+ ions. C. glomerata is
widespread on earth due to its broad tolerance to changing
environmental conditions (Higgins et al., 2008; Bellinger
and Sigee, 2010; Çelekli et al., 2017). The present study
indicated that this green macroalga has great potential
for the bioaccumulation of Cd2+ ions. Hyperaccumulation
of metal was also observed for the accumulation of
chrome by Chlorella vulgaris(Rai et al., 2013), CuO by
Chlamydomonas reinhardtii (Perreault et al., 2012), and
Ni, Pb, and Cd by Ulva (Rybak et al., 2012).
The surface composition of C. glomerata was
evaluated using a FTIR‒ATR spectrum of algal biomass to

understand the metal binding mechanism. Several major
peaks, at 3340, 2925, 1644, 1518, 1398, 1236, 1160, 1110,
1056, and 1034 1/cm, were observed on the spectrum of C.
glomerata biomass in the control (Figure 3a). Peaks at 3340
1/cm and 2925 1/cm could be assigned to the –OH and
–NH2 groups and –CH stretching vibrations, respectively
(Çelekli et al., 2016). Other peaks of spectra could be
attributed as follows: 1644 1/cm (–NH2 group or –C-N
(amide)), 1518 1/cm (–N–H bending), 1398 1/cm(–CH3
stretching), 1236 1/cm (NO2 antisym stretch), 1160 1/cm
(–C-O stretching of COOH), 1056 1/cm (–C-N and –C-C
stretching vibrations), and 1034 1/cm (–C-N and –C-C
stretching vibrations) (Arief et al., 2008).
Similar major peaks were observed on the surface
structure of C. glomerata under the different Cd2+ values.
From this, to prevent the overlapping of curves, the plots

Table 3. Effect of Cd2+ on malondialdehyde (MDA), proline, H2O2, totalphenolic compounds (TPC), total protein, and total carbohydrate
(charbo) contents of Cladophora glomerata. Data are fresh weight.
Cd2+

MDA

Proline

H2O2

TPC

Protein

Charbo

(mg/L)

(µg/g fw)

(µg/g fw)

(µg/g fw)

(mg/g fw)

(mg/g fw)

(mg/g fw)

0

7.56 ± 0.38a

5.7 ± 0.29a

2.31 ± 0.11a

0.66 ± 0.04a

43.60 ± 1.74a

78.51 ± 3.92a

7.5

8.88 ± 0.17

a

6.05 ± 0.06

2.60 ± 0.04

0.96 ± 0.33

a

37.05 ± 0.49

115.26 ± 5.10b

15

11.25 ± 0.18c

7.33 ± 0.15b

2.89 ± 0.1bc

2.45 ± 0.14b

31.16 ± 0.41b

147.49 ± 3.16c

30

12.43 ± 0.33

c

8.05 ± 0.12

3.16 ± 0.06

2.88 ± 0.28

c

24.88 ± 0.78

169.08 ± 2.11d

60

14.16 ± 0.3e

8.74 ± 0.18d

3.6 ± 0.13d

3.49 ± 0.27c

21.66 ± 0.21d

194.6 ± 13.60e

b

d

ab

c

a

bc

Different lower-case letters a, b, and c indicate a statistical difference between the concentrations at α = 0.05 level among Cd2+ groups.

Figure 3. FTIR‒ATR spectra of Cladophora glomerata for (a) the control and (b) after Cd2+
exposure.
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of the control (Figure 3a) and 60 mg/L Cd2+ ions (Figure
3b) were selected in the FTIR spectra. Many peaks of 3340,
2925, 1644, 1518, 1398, 1236, 1110, and 1034 1/cm on the
surface structure of alga without Cd2+ stress were shifted to
3341, 2924, 1643, 1533, 1394, 1249, 1107, and 1056 1/cm
on the algal biomass under Cd2+ exposure. These changes
may explain the Cd2+ binding on the surface of macroalga.
Results based on FTIR–ATR studies indicated that
theamino (at 3341, 2924, and 1533 1/cm), amide (at 1643 1/
cm), and anionic (at 1056 1/cm) groups played a significant
role in the binding of Cd2+ on C. glomerata. Similar results
were also found in previous studies on the effect of Cd2+
on Synechocystis sp. (Ozturk et al., 2010) and Scenedesmus
quadricauda var. longispina (Çelekli et al., 2013).
This study confirmed that C. glomerata has a tolerance
to the gradient of Cd2+ ions. Detrimental effects of a Cd2+
dose on both the morphology and biochemical compounds
of C. glomerata were observed. Results based on FTIR–
ATR studies revealed that the amide, amino, and anionic

groups have a significant role in the binding of Cd2+ on
C. glomerata. A Cd2+ ions gradient-dependentdecrease in
pigment and protein content was observed in the exposed
cells compared to the control ones and an increase in stress
molecules (e.g., MDA and proline) as biomarkers in the
response mechanisms of C. glomerata to Cd2+ exposure.
Biomarkers could be used as an indicator tool to monitor
ecological quality condition and organism health. These
signal molecules can be used to earlier detect the adverse
effects of hazardous compounds on biota, which may be of
use in environmental monitoring while assessing ecological
quality conditions.
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